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It is usually assumed that the order H 2 corrections to the SUSY-breaking 
Qh| mass squared terms in the early Universe must be negative in order to allow the 

Affleck-Dine mechanism to work. We reconsider this assumption in the context 



of D-term inflation models for the case where the mass squared term has a cor- 
rection cH 2 with c > 0. We show that, in general, the baryon asymmetry is 
likely to be too small if c > 9/16. However, for c as large as 0.5 the observed 
baryon asymmetry can be readily generated; in particular, for d = 6 directions 
the observed asymmetry can be produced for a wide range of reheating tem- 
peratures, in contrast with the case of negative H 2 corrections which require a 
reheating temperature around 1 GeV. Thus positive H 2 corrections do not rule 
out the Affleck-Dine mechanism and can even greatly broaden its applicability 
to inflation models. 
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1 Introduction 

Affleck-Dine (AD) baryogenesis is a natural possibility for generating the baryon 
asymmetry in the context of the MSSM []. It is based on inducing a baryon asymmetry 
in a coherently oscillating squark condensate. In the modern view of the AD mech- 
anism 0, |4|], the initial value of the AD field and its subsequent evolution depends 
crucially on the order H 2 corrections to the SUSY breaking mass squared terms that 
are expected once the energy density in the early Universe and non-minimal Kahler 
couplings are taken into account [[3], |5|. The natural assumption to make is that such 
corrections must have a negative sign, so that the minimum of the AD potential is 
non-zero at early times when the expansion rate is large, turning positive (and so 
allowing the AD scalar to coherently oscillate) only once the gravity-mediated SUSY 
breaking terms come to dominate. Positive order H 2 mass corrections are commonly 
thought to result in an AD field with an amplitude too small to account for the B 
asymmetry. However, it is not obvious that this is generally true and it is this issue 
that we wish to explore here. The case for negative order H 2 corrections was originally 
put forward in the context of F-term inflation models, under the assumption that the 
sign of the H 2 corrections during and after inflation are the same |4j] . In this case, if 
the H 2 terms were positive, the AD scalar would be exponentially damped nearly to 
zero during inflation. It was later assumed || that the same condition had to hold 
for D-term inflation models . However, these have no order H 2 corrections to scalar 
masses along D-flat directions during inflation. We will show that in D-term inflation 
models with positive order H 2 corrections (and also in F-term inflation models which 
have a change in sign of the H 2 correction from negative to positive after inflation) 
it is possible to have successful AD baryogenesis, with a much wider applicability to 
inflation models than in the case of negative H 2 corrections. 

In the AD mechanism, a baryon asymmetry is induced when the A-term in the 
scalar potential produces a phase shift between the real and imaginary parts of the AD 
field ||. In D-term inflation models, the A-term receives no order H correction either 
1 For a recent review of baryogenesis, see 0|. 



during or after inflation |J |7j. Thus the initial phase of the AD scalar is random and so 
is typically of the order of one relative to the real direction. The final asymmetry will 
be fixed once H < m, where m « 100 GeV is the gravity-mediated SUSY breaking 
scalar mass term, at which point the B violating terms become suppressed relative 
to the B conserving terms in the potential. Thus in order to calculate the baryon 
asymmetry we need to calculate the amplitude and the phase shift of the AD field at 
H m m. 

2 Amplitude at H ~ m. 

The scalar potential of the AD field along a dimension d flat direction has the general 
form f§, 

where M = Mpij ' \/&k and typically A ~ l/(d—l)! for Planck-scale non-renormalizable 
terms. We will focus on R-parity conserving models, for which d is even [|J, and 
consider the cases d — 4 and d — 6. The evolution of the amplitude depends on 
whether the |$| 2 term or the non-renormalizable term is dominant, with the value of 
the AD scalar below which the potential is 2 dominated, C , being given by 



c = ^2 (JA 2( " 2) (H 2 M 2 ^ ^ , (2) 

where |$| = <p/\/2. 

Evolution for <ft < <p c : When <fi < <j) c the scalar field evolves according to 

4> + 3H<j) = -cH 2 (j) . (3) 

After inflation (but prior to reheating), the Universe is matter dominated by inflaton 
oscillations. For a matter dominated Universe Eq. (H) has the solution 
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where a is the scale factor. There are then two distinct cases. If c > 9/16 ~ 0.56, the 
square root is imaginary and we have a damped oscillating solution of the form 



Note that the amplitude falls off less rapidly than the corresponding amplitude for a 
coherently oscillating scalar with a constant mass term, for which cp oc a~ 3 ' 2 . If, on the 
other hand, c < 9/16, then the field is damped but not oscillating, with a magnitude 
given by 

,A <Po. (6) 



Evolution for > C : For <\> > C , the field is effectively oscillating in a 2 ( d_1 ) po- 
tential. The energy density evolves as || p oc a~^ d ~ l ^ d and so the amplitude of the 
oscillation evolves as 

3 

oc a~d . (7) 



Thus for a field which starts oscillating at <p > C , the amplitude at m < H < H c is 
given by (from now we use rj = Re{rj)) 



(ff(t)^ 



(8) 



where H r is the value at which 



and H is the value at the end of inflation. For the case <f) < <f) c , H c —> H in Eq. (|8|). 
For the d — 4 case H c is not fixed by Eq. (|9|), because both and (f) c for a given 
value of H are proportional to H 1 ^ 2 . Thus if the value of (ft at the end of inflation, O , 
is less than <p c then it will remain so until H w m. <p c at H is given by 

^ 7xl0l5 (^f(iraf GeV - < 10 > 

where we are considering the typical value at the end of inflation to be H w 10 13 GeV, 
in accordance with the observed cosmic microweave background perturbations [[TJ], O. 



For the d = 6 case, H c and <p c are given by 

^ = i.7xio 27 (-l (v^-7-r) I — I (VV ,11) 
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For example, consider the case with the largest degree of damping, c > 9/16 ~ 0.56. 
In this case the amplitude of the oscillations evolves as oc a~ 3//4 . We will see that 
O < 0c must be satisfied in order to have acceptable energy density perturbations in 
both the d = 4 and d = 6 cases. In this case the field at H p» m is generally given by 

«-.»>..x^(^"(^)a.V. (1 3) 

Thus the amplitude of the AD field at H p» m is not very small so long as the initial 
value of the AD field at the end of inflation is large enough. In fact, the amplitude 
of Eq. (^) is typically of the order of the amplitude expected in the d = 4 case with 
negative H 2 corrections, <p ~ (Mm) 1 / 2 rj 10 10 GeV. Therefore so long as the phase 
shift is sufficiently large we should be able to generate the observed asymmetry. 

3 Phase Shift and Baryon Asymmetry 

In general, the phase shift will be the product of an initial CP violating phase and 
a "kinematical factor" coming from the time evolution of the real and imaginary 
components of the AD field. Assuming an initial phase of order one, the phase shift 8 
will be given by 

<*» I Amdt , (14) 

where Am is the difference in the effective mass terms for the scalars along the real 
and imaginary directions of the AD field ($ = (</># + i(j)j) /y/2). We will consider the 
phase shift for <p ^ C ; it is straightforward to show that the contribution to the phase 
shift from cf) > <p c is generally negligible compared with this. 



From the equations of motion for tfin and (pi, there is a shift in the effective mass 
squared term, miff — > miff ± 5m 2 / 2 due to the A-term contribution, where miff = 
d 2 V((f))/2d(j) 2 and where 

*™ - W^M^ KhJ ■ (15) 

For small Sm 2 we therefore have 

Am « 5m 2 /2m e// = K d H^ {flr ' 2) - 1 , (16) 

where 

A X X <j)t 2 f 1 \^~ 2) 



Kd 2 d / 2 c 1 / 2 M d ~ 3 \H ) (17) 



Thus the phase shift is given by 



5 = j- 2Kd s {H7 {d - 2) - 2 - H 2 -i^- 2 ) . 
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In general this will be dominated by the contribution at H « m f\. The B asymmetry 
density at H « m is then tib ~ m<j) 2 Sin5. This is related to the present baryon-to- 
photon ratio tjb by 

We next calculate r/s for the d = 4 and d = 6 cases. 
(i = 4: In this case the phase shift is given by 

where we have taken A^ ~ m ~ 100 GeV. Thus typically the phase is of order one. 
tjb is then given by 

*> ^ - 40 fl5^V" 3 UU' f^l do")'- . (2!) 
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2 Eq. Jig ) is strictly correct for the case c > 9/16, with <ft oscillating throughout. For c < 9/16 the 
field only begins oscillating once H « m. However, since most of the phase shift arises at this epoch, 
Eq. Jig ) is essentially correct for this case also. 



For the case c > 9/16 (corresponding to 77 = 3/4) and with <ft w 10 16 GeV (the 
upper limit from scale-invariant density perturbations, as discussed below) this is 
marginally able to account for the observed B asymmetry (ijb ~ (3 — 8) x 10 -10 
[[TJJ]) if Tr > 10 8 GeV, close to the upper bound from thermal gravitino production, 
Tr 'Z 10 9 GeV. As discussed in detail for the d = 6 case below, the asymmetry can be 
enhanced (corresponding to lower values of Tr being compatible with the observed B 
asymmetry) if c is even slightly less than 9/16; for example, c = 0.5 gives a 5 x 10 3 
enhancement of the B asymmetry. However, in the context of D-term inflation models, 
we will see that the d = 4 condensate, as in the case of negative order H 2 corrections 
||, is unlikely to survive thermalization by the first stage of reheating after inflation. 
d = 6: In this case the phase shift is given by 

— (^)ml^)Vr' 3 . <*> 

Thus typically the phase shift is no larger than around 10~ 10 for c > 9/16. (This is 
much smaller than in the case of negative H 2 corrections, for which 5 ~ 1.) i]b is then 
given by 



lO" 10 / \2-87]/3J\ H J \!0 1(i GeVj VlO 9 GeV 

(23) 

From this we see that even with <p w 10 17 GeV, which we will show is the upper limit 
from the scale-invariance of the density perturbation spectrum, the highly suppressed 
phase shift in the case c > 9/16 means that we cannot produce a value of i]b much 
above 10~ 20 . Thus there is no possibility of accounting for the observed B asymmetry in 
this case. However, once c < 9/16 there is a rapid enhancement of the B asymmetry. 
This can be seen from the "enhancement factor" (10 11 ) v in Eq. (^). This gives 
the observed asymmetry for Tr fh 10 8 GeV and <p ~ 10 17 GeV if c = 0.5. The 
corresponding values for other O and Tr are given in Table 1. From this we see that, 
with values of c between 0.2 and 0.5, the observed asymmetry can be accomodated by 
a wide range of reheating temperatures. 



Table 1. d=6 B asymmetry enhancement factor. 



c 


Enhancement factor 


Tr^o = 10 17 GeV) 


T R (<j) = 10 16 GeV) 


0.51 


3 x 10 10 


10 9 GeV 


10 15 GeV 


0.50 


1 x 10 11 


10 8 GeV 


10 14 GeV 


0.45 


5 x 10 14 


10 4 GeV 


10 10 GeV 


0.40 


5 x 10 17 


10 GeV 


10 7 GeV 


0.35 


2 x 10 20 


0.1 GeV 


10 5 GeV 


0.30 


4 x 10 22 


10 3 GeV 


10 3 GeV 


0.20 


3 x 10 26 


10- 7 GeV 


0.1 GeV 



Therefore, although values of c close to or larger than 1 are indeed ruled out, 
for values as large as 0.5 the observed asymmetry can be generated along the d=6 
direction. Such a value of c seems entirely plausible and consistent with the expectation 
that c is of the order of one. Indeed, the observed asymmetry can be accomodated 
by a much wider range of reheating temperatures than in the case of negative H 2 
corrections, which requires Tr to be of the order of 1 GeV. 

4 Density Perturbation Constraints 



The magnitude of the B asymmetry depends on the initial value of the AD field. This 
cannot be too large during inflation, otherwise the energy density of the AD field 
will dominate the spectral index of the energy density perturbations, resulting in an 
unacceptable deviation from scale-invariance fl3| . This has already been discusssed 
for the d = 6 case in the context of D-term inflation, where it was shown that the 
requirement that the spectral index is dominated by the inflaton field implies that |I3 

1/4 



0.48 



(MO 



1/2 < ln 17 



10 1 ' GeV 



(24) 



where g and A are the Fayet-Illiopoulos gauge coupling and superpotential coupling 
of the D-term inflation model and £ ~ 6.6 x 10 15 GeV [[F| [Q]]. For the d = 4 case the 
analogous requirement is that 



0,23 [ i\ £ < 10 16 GeV 



(25) 



where in general A cannot be very small compared with g, otherwise there would 
be efficient parametric resonant decay of the inflaton and violation of the thermal 
gravitino production bound [Q. However, there is a generic problem for the d = 
4 direction in the context of D-term inflation models ||. D-term inflation models 
typically have a a first stage of reheating immediately after the end of inflation from 
the decay of the ip- field of the inflaton sector, with TpT m g 1 ^ 2 ^ ~ 10 15 GeV. In 
order to avoid thermalization by this radiation density, the AD field at the end of 
inflation must be greater than H^ 8 M 5 ^ 8 k2x 10 16 GeV f|. Thus the upper bound 
from scale-invariance implies that the d — 4 directions with positive H 2 corrections 
are thermalized, as in the case of negative H 2 corrections. The d = 6 direction can, 
however, avoid thermalization and still be consistent with scale-invariance. 

5 F-term Inflation 

So far we have been considering D-term inflation. However, the above discussion 
will also apply to F-term inflation models if some conditions are met. The main 
differences between D-term and F-term inflation are that the AD scalar will receive 
order H 2 corrections to its mass both during and after inflation and that the A-term 
will also receive order H corrections. The effect of the order H corrections to the 
A-term is that the initial CP violating phase will be set by the explicit CP violating 
phase appearing in the A-term (which can be much smaller than one) rather than 
by a random initial condition. The effect of the positive order H 2 mass correction 
during inflation is to exponentially drive the AD scalar to zero, so ruling out AD 
baryogenesis H. However, it is still possible that the order H 2 term could become 
positive after inflation, if there was a sign change of the H 2 correction at the end of 
inflation. This is possible, for example, if the energy density after inflation was made 
up of two fields with comparable energies. In this case the H 2 term would be the sum 
of contributions from each field, and the sum of the contributions could change as the 
energy is transferred away from the vacuum energy at the end of inflation. Thus it 
is conceivable that the H 2 correction could be negative during inflation but positive 



after. The D-term discussion would then apply to this case also, since the value of 
the fields at the end of inflation from minimizing the potential during inflation simply 
corresponds to </> c . 

6 Conclusions 

In D-term inflation models, the Affleck-Dine mechanism with a positive cH 2 correction 
to the SUSY breaking mass squared term can generate the observed B asymmetry if 
c < 0.5. The d = 4 direction is ruled out by the near scale- invar iance of the density 
perturbations together with the thermalization of the AD field during the first stage 
of reheating. The d = 6 direction, on the other hand, can successfully generate the 
observed baryon asymmetry, and for a much wider range of reheating temperatures 
than in the case of negative H 2 corrections. Similar conclusions apply to the case of 
F-term inflation models with a positive H 2 correction after inflation. Therefore the 
AD mechanism can have a much wider range of applicability to particle physics models 
than previously thought. In particular, since the reheating temperature in d = 4 and 
d = 6 models with a CP violating phase pa 1 is constrained to be very high or very 
low (10 8 GeV and 1 GeV respectively), in many inflation models the AD mechanism 
with positive H 2 corrections will be the natural option. 
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